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Core–shell  wood  cellulose  nanoﬁbers  (CNF)  coated  by an  XG  hemicellulose  polymer  are  prepared  and
used  to  make  biocomposites.  CNF/XG  biocomposites  have  interest  as  packaging  materials  and  as  hydrated
CNF/XG  plant  cell  wall analogues.  Structure  and  properties  are  compared  between  Core–shell  CNF/XG
and  more  inhomogeneous  CNF/XG.  Experiments  include  XG  sorption,  dynamic  light scattering  of  CNF
nanoparticle  suspensions,  FE-SEM  of  nanostructure,  moisture  sorption,  tensile  testing  in moist con-
ditions  and dynamic  mechanical  analysis. 2H  NMR relaxometry  is  performed  on  materials  containing
sorbed 2H2O2 in  order  to  assess  water  molecular  dynamics  in different  materials.  The results  clarify  theellulose nanoﬁbers
H NMR  relaxometry
iocomposites
oisture sorption
echanical properties
roles  of  CNF,  XG  and  the  CNF/XG  interface  in  the biocomposites,  both  in  terms  of  moisture  sorption
mechanisms  and  mechanical  properties  in moist  state.  The  concept  of  core–shell  nanoﬁber  network  bio-
composites,  prepared  by  ﬁltering  of  colloids,  provides  improved  control  of  polymer  matrix  distribution
and  interface  structure.  Also,  present  mechanical  properties  are  much  superior  to comparable  plant  ﬁber
biocomposites.
ublis© 2015  The  Authors.  P
. Introduction
Biocomposite materials, in the form of a continuous polymer
atrix phase reinforced by plant ﬁbers, are widely used (Berglund
 Peijs, 2010). The modulus and strength are usually improved
elative to the neat polymer, but often at the price of brittleness
reduced strain to failure). In addition, plant ﬁbers are hygroscopic
nd impart moisture sensitivity. A common argument in favor of
iocomposites is that the ﬁbers are from renewable resources. With
 biological polymer matrix, as in the present study, the material
as even higher potential to be eco-friendly. One example, already
roduced industrially, is melt-processed plant ﬁber/starch com-
osites. However, the mechanical performance of such materials
s strongly reduced under moist conditions (Ma,  Yu, & Kennedy,
005). One reason is that the ﬁber/polymer interface is degraded,
nd the starch polymer is also highly plasticized.
∗ Corresponding author at: Wallenberg Wood Science Centre, KTH Royal Institute
f  Technology, SE-10044 Stockholm, Sweden. Tel.: +46 8 7908028;
ax: +46 8 207865.
E-mail addresses: kasinee@kth.se (K. Prakobna), terenzi@kth.se (C. Terenzi),
i@kth.se (Q. Zhou), furo@kth.se (I. Furó), blund@kth.se (L.A. Berglund).
ttp://dx.doi.org/10.1016/j.carbpol.2015.02.059
144-8617/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unhed  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
The emerging research ﬁeld of cellulose nanocomposites is
addressing the limitations of microscale plant ﬁber biocomposites.
Cellulose nanoﬁbers (CNF) from wood, in combination with amy-
lopectin starch, can form a tough CNF network biocomposite. Even
as starch is plasticized with 50% glycerol liquid, the CNF network
lends mechanical properties superior to that of any previous cel-
lulose/starch composite (Svagan, Azizi, & Berglund, 2007). Wood
CNF combined with hydroxyethyl cellulose (HEC), forms an even
tougher and stronger biocomposite (Sehaqui, Zhou, & Berglund,
2011). For CNF/epoxy (EP), it has been shown that the moisture
sensitivity can be very low (Ansari, Galland, Johansson, Plummer,
& Berglund, 2014). One reason is the strong molecular interactions
and the resulting adhesion at the CNF/EP interface. These insights
explain the need for a better understanding of CNF/polysaccharide
interfaces under moist conditions. Moisture sensitivity of CNF bio-
composites can also be addressed by chemical modiﬁcation of the
CNF surface (Cunha, Zhou, Larsson, & Berglund, 2014), or modiﬁca-
tion of the polysaccharide (Stepan, Ansari, Berglund, & Gatenholm,
2014).Wood CNF nanoﬁbers offer the following advantages as rein-
forcement in biocomposites: (a) Strong and ductile CNF networks
are formed during drying from water (Sehaqui, Salajková, Zhou, &
Berglund, 2010) due to CNF–CNF bonding of ﬁbrils that are both
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ong (>700 nm)  and ﬂexible. The network formation is akin to that
n regular paper products, but the strength is much higher. (b)
NF has a small diameter (4–10 nm). Any interfacial CNF/polymer
ebond cracks that form during loading will only lead to defects
f subcritical size, so that ductility (large strain to failure) is pro-
oted. Optically transparent composites can also be made (Nogi,
wamoto, Nakagaito, & Yano, 2009). (c) Intrinsic physical prop-
rties of wood CNF are high, much superior to plant ﬁbers. The
ensile strength is at least in the range 1.6–3.0 GPa (Saito, Kuramae,
ohlert, Berglund, & Isogai, 2013), and axial thermal expansion
s virtually zero (Bergenstråhle, Berglund, & Mazeau, 2007). (d)
NF has high cellulose purity. This reduces moisture sorption and
welling, and increases thermal stability. (e) CNF is biodegradable
nd, since dried CNF can be redispersed (Butchosa & Zhou, 2014),
t has recycling potential. (f) Wood CNF are produced in industrial
ilot plants in North America, Japan and Nordic countries, and will
otentially be available in large quantities at low cost.
The combination of CNF networks with a polymer matrix allows
or property tailoring. By using different polymers and varying
omposition, the physical and chemical properties of the biocom-
osite can be modiﬁed. Biological polysaccharides such as starches,
emicelluloses and water-soluble cellulosic polymers (cellulose
erivatives) are particularly interesting matrices. They are poten-
ially eco-friendly, of low cost and some have speciﬁc afﬁnity to
ellulose. It is interesting to consider the composite structure in
rimary plant cell walls, since it consists of hydrated nanoscale
ellulose microﬁbrils physically linked by hemicellulose (Cosgrove,
005). Man-made materials of similar organization have been stud-
ed (Whitney, Brigham, Darke, Reid, & Gidley, 1995). The present
tudy is of relevance also to these materials.
In Whitney, Gothard, Mitchell, and Gidley (1999), bacterial cel-
ulose (BC) is synthesized by bacteria in water in the presence of
amarind seed xyloglucan (XG) (Kochumalayil, Sehaqui, Zhou, &
erglund, 2010). In the plant cell wall, XG adsorbs to cellulose ﬁb-
ils and forms a hydrated nanocomposite, where XG forms physical
inks between cellulose nanoﬁbers. This was mimicked by Whitney
t al. (1999), to study effects of XG and cellulose on tensile proper-
ies of the hydrated material. In a different approach (Zhou et al.,
009), HEC is combined with BC to form “dry” biocomposite ﬁlms
here HEC coated individual cellulose nanoﬁbers. This resulted
n much improved mechanical properties. In Sehaqui, Zhou, and
erglund (2011), nanostructural control of polymer matrix distri-
ution was further developed. CNF and HEC were combined in a
ydrocolloid, and a minor fraction of HEC was lost during ﬁltration.
he method is improved in the present study so that no polymer
s lost. The mechanical properties showed a favorable combina-
ion of modulus, strength and ductility. HEC-coated “core–shell”
NF nanoﬁbers were analyzed in a later study (Sehaqui, Morimune,
ishino, & Berglund, 2012).
Recently, polymer matrix distribution effects were investigated
n CNF/hemicellulose biocomposites (Stevanic et al., 2014). Unfor-
unately, no effect on properties was observed. The reason is
nclear. Additional characterization of biocomposite nanostruc-
ures and further work on molecular scale phenomena are needed.
lso, testing methods should be identiﬁed, which are sensitive to
ffects from polymer matrix distribution and interfacial structure.
In the present study, core–shell CNF nanoﬁbers coated by XG
emicellulose polymer are prepared so that no polymer is lost dur-
ng ﬁltration. The composite core–shell nanoﬁbers are subjected to
ltration and dried to form nanostructured biocomposite ﬁlms. An
mportant objective is to assess nanostructural and molecular-scale
ffects on properties. In order to achieve differences in polymer
atrix distribution and interface structure, two  different prepa-
ation schemes are used which produce either “Mixed” CNF/XG
r Core–shell CNF/XG biocomposites. In the “Mixed” approach, the
olymer is simply mixed with the CNF suspension and ﬁltered.olymers 125 (2015) 92–102 93
In Core–shell preparation, the excess XG in solution that is not
adsorbed to CNF is removed prior to ﬁltration.
The hypothesis is that the two methods lead to differences in
biocomposite nanostructure, including polymer matrix distribu-
tion, and also lead to effects on hygromechanical properties. The
biocomposites are subjected to moist conditions and mechani-
cal testing. 2H NMR  techniques are used to study relaxation time
distributions of water and assess moisture distribution in neat com-
ponents and biocomposites. A more practical goal is to compare
mechanical properties of present CNF/hemicellulose biocompos-
ites with previous studies.
2. Experimental
2.1. Material components
Cellulose nanoﬁbers (CNF) were prepared from never-dried
spruce sulﬁte pulp (kindly provided by Nordic Paper Sefﬂe AB,
Sweden). The pulp was  subjected to pretreatment including
enzymatic treatment and mechanical disintegration, as described
by Henriksson, Henriksson, Berglund, and Lindström (2007);
Henriksson, Berglund, Isaksson, Lindström, and Nishino (2008)
with a few modiﬁcation. The pretreated pulp was subjected to
mechanical disintegration using a microﬂuidizer (Microﬂuidics
Ind., USA) by passing 3 times in big chambers (400 and 200 m)
and 5 times in small chambers (200 and 100 m).  The CNF suspen-
sion with a concentration of 2 wt%  was obtained. The resulting CNF
has hemicellulose content of 12.3 wt%.
XG solution was prepared from commercially de-oiled XG pow-
der (Glyloid 3S) derived from tamarind seeds (kindly provided by
Dainippon, Japan). The XG powder was dispersed in deionized (DI)
water to a ﬁnal concentration of 0.5 wt%, and heated at 50 ◦C with
magnetic stirring overnight. In order to remove a water-insoluble
protein fraction, the XG solution was  subsequently subjected to
centrifugation at 4500 rpm for 30 min  (Kochumalayil et al., 2010).
The puriﬁed XG solution (0.5 wt%) was obtained by dissolving the
freeze-dried XG in DI water at 50 ◦C. The weight average molar mass
Mw is 493,600 and the number average Mn is 394,800 Da, see S1.
2.2. Preparation of Neat CNF nanopaper
An aqueous suspension of 0.2 wt%  CNF was prepared with DI
water. It was mixed at 8000 rpm using an Ultra Turrax mixer (IKA,
T25 Digital) for 3 min, and then subjected to degassing for 10 min.
The CNF nanopaper was prepared by ﬁltration based on the pro-
cedure described by Henriksson et al. (2008). It was  dried using a
laboratory sheet dryer (Rapid Köthen) under vacuum at 93 ◦C for
approximately 10 min  (Sehaqui, Liu, Zhou, & Berglund, 2010).
2.3. Preparation of Neat XG ﬁlm
An aqueous solution of 0.5 wt% XG was  subjected to degassing
prior to ﬁlm casting. The XG solution was  carefully transferred to a
petri dish coated with ﬂuorinated ethylene propylene (FEP, Bytac®,
US). It was evenly distributed in the “mold”, and then dried in an
oven at 40 ◦C for a few days. The dried XG ﬁlm had a thickness of
30 m.
2.4. Adsorption experiments and preparation of Core–shell
CNF/XG nanoﬁbers
Adsorption experiment of XG onto CNF was carried out similar
to the description in Sehaqui, Salajková, et al. (2010). A mixture
of CNF/XG was  prepared by mixing the XG solution (0.5 wt%) and
the CNF suspension (2 wt%) using magnetic stirring at 22 ◦C for
24 h. By varying XG concentration, mixtures of CNF/XG with XG
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ontents of 10, 33, 50, and 67 wt% of the total dry mass (CNF + XG)
ere obtained. After the 24 h adsorption period, the excess XG
n the suspension was carefully removed by centrifugation at a
peed of 4500 rpm for 10 min. The excess XG in supernatant was
emoved. The bottom sediment, containing CNF with adsorbed XG,
as collected and subjected to subsequent washing three times.
he mixture of CNF/XG was carefully washed by diluting with DI
ater to approximately 0.5 wt% (60 ml  of DI water with 0.3 g of
NF), and combined with the centrifugation step to remove the
xcess XG. The obtained material contains solely XG adsorbed on
ellulose nanoﬁbers, referred to Core–shell CNF/XG nanoﬁbers hav-
ng an adsorbed XG “shell” coating on the CNF “core” nanoﬁbers
Prakobna, Galland, & Berglund, 2015). To determine the amount
f retained XG, the obtained samples were freeze-dried prior sugar
nalysis. The data showed that the ﬁnal XG content with respect
o the total dry mass was 8, 25, 31, and 34 wt% for the four corre-
ponding initial concentrations.
.5. Preparation of “Mixed” and Core–shell CNF/XG
anocomposites
The CNF/XG nanocomposites were prepared by two approaches
imilar to previous study (Prakobna et al., 2015). The “Mixed”
pproach is mixing of the components followed by ﬁltering and dry-
ng, and some XG is lost. In the more controlled Core–shell approach,
he ﬁrst step involves preparation of Core–shell nanoﬁbers, and they
re ﬁltered and dried to form composites.
“Mixed” approach: a colloidal suspension of CNF (2 wt%) and XG
olution (0.5 wt%) are mixed. Aqueous CNF/XG mixtures with 10,
0, 30, and 40 wt% XG with respect to total dry mass (CNF + XG)
ere prepared and diluted to a ﬁnal concentration of 0.2 wt% CNF
efore thoroughly mixing with magnetic stirring for 24 h. There-
fter, the suspension was subjected to a process similar to Neat CNF
anopaper. The materials are termed “Mixed” CNF/XG nanocom-
osites. The ﬁnal solid content of XG in the nanocomposites was
etermined by sugar analysis. “Mixed” CNF/XG nanocomposites
ith XG content of 9, 19, 27, and 32 wt% with respect to total dry
ass were obtained.
Core–shell approach: Core–shell CNF/XG nanoﬁbers described
reviously were dispersed in DI water to a concentration of 0.2 wt%,
nd subjected to ﬁltration and drying. A similar approach as for
ore–shell CNF/XG was used for clay/polymer composites (Walther
t al., 2010).
To compare structure and mechanical properties of Core–shell
nd “Mixed” CNF/XG nanocomposites, Core–shell CNF/XG nanocom-
osite with 31 wt% XG and “Mixed” CNF/XG with 32 wt% XG with
espect to total dry mass (CNF + XG) were selected.
.6. Sugar analysis
The quantity of XG in CNF/XG nanocomposites was deter-
ined by sugar analysis. The freeze-dried samples were subjected
o acid hydrolysis according to a standard method of SCAN-
M 71:09. The obtained sugar residues were analyzed using
igh-performance anion exchange chromatography with pulsed
mperometric detector (HPAEC-PAD), equipped with a Dionex ICS-
000 system (Dionex, Sunnyvale, USA), and a column of CarboPac
A-1. Data processing was  performed with Chromeleon software.
.7. Atomic force microscopy (AFM)
Nanostructure morphology of nanoﬁbers before and after XG
dsorption was observed using a multimode Nanoscope IIIa AFM
Veecoo Ltd., USA) with tapping mode. A diluted suspension of
amples was spin-coated on a mica disk (Ted Pella Inc., USA). A
ilicon cantilever (Bruker, UK), with a spring constant of 5 N/m andolymers 125 (2015) 92–102
a tip radius of 8 nm was  used. Width distribution of the cellulose
nanoﬁbers was  characterized based on AFM height images. At least
150 nanoﬁbers were analyzed for each sample.
2.8. Field-emission scanning electron microscopy (FE-SEM)
Observations of nanoﬁber network and tensile fracture sur-
faces were conducted with a Hitachi S-4800 FE-SEM. To capture
images revealing the distribution of XG matrix in nanoﬁber net-
work, the aggregation of CNF during drying should be limited. Thus,
all samples were subjected to supercritical carbon dioxide drying
(SC-CO2) (Autosamdri-815, Tousimis, USA) (Sehaqui, Zhou, Ikkala,
et al., 2011). Tensile fracture surfaces of the materials were inves-
tigated. All samples were coated with a thin layer of graphite and
gold–palladium using Agar HR sputter coater.
2.9. Dynamic light scattering (DLS)
The colloidal state was  investigated by dynamic light scattering
(DLS). The measurement was performed on aqueous suspensions of
nanoﬁbers using a Zetasizer Nano ZEN3600 (Malvern Instruments
Ltd., UK). The samples were diluted to a concentration of 100 mg/L.
To avoid interference from aggregated CNF and dust particles, the
dispersions were ﬁltered through 5 m membrane (Acrodisc). Sub-
sequently, they were ﬁlled in PMMA  cuvettes for DLS measurement.
The measurement was performed at 25 ◦C, and particle size distri-
butions of nanoﬁbers were recorded.
2.10. Dynamic mechanical analysis (DMA)
DMA  measurement was  performed on a Q800 DMA  analyzer
(TA Instruments, USA) operating in tensile mode. The width of
samples was  4–5 mm,  and the gauge length was set to 9–10 mm.
The frequency and amplitude were 1 Hz and 10 m,  respectively. A
temperature scan was  made in the range of −100 to 300 ◦C with a
heating rate of 3 ◦C/min under air atmosphere.
2.11. Tensile testing
Tensile properties of the materials at 50 and 85 RH% were exam-
ined. All samples were kept at 23 ◦C under the controlled RH% for
at least 1 week. Tensile testing was performed on an Instron 5944
equipped with a 500 N load cell. The specimens were cut into a
rectangular strip with a width of 5 mm.  The gauge length was set
to 20 mm.  The tensile stress–strain curves were recorded at a strain
rate of 10%/min. The tensile properties were reported based on an
average value of at least ﬁve specimens.
Digital Speckle Photography (DSP) measurement was carried
out to calibrate estimated strains based on the grip displacement.
Strain values were analyzed using Vic 2D software. An accurate
value of Young’s modulus was correlated from the DSP calibration.
2.12. Dynamic vapor sorption (DVS)
Moisture sorption isotherms were determined with a DVS
instrument (Surface Measurement Systems Limited, UK). The
experiments were carried out on dried ﬁlm samples of up to
20–30 mg.  The samples were dried at 40 ◦C in a vacuum oven for a
day before DVS measurement. The sorption cycle was conducted at
32 ◦C with relative humidities (RH) setting to 0, 20, 40, 60, 80, and 90
RH%. Each condition was maintained for 400 min to ensure steady
state. An average value of moisture uptake during the last 20 min
rate Polymers 125 (2015) 92–102 95
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f each RH-step was reported in the moisture sorption isotherm.
he moisture uptake was calculated according to:
oisture uptake = 100 × Wmoist − Wdry
Wdry
here Wmoist is the sample weight equilibrated at certain RH% and
dry is the dry weight of the sample at 0 RH%.
.13. 2H NMR  analysis
.13.1. Sample preparation for 2H NMR  experiments
Two replicas per type of material were prepared for 2H NMR
xperiments. Each sample consisted of eight sheets (approximately
 mm × 12 mm)  cut from the prepared ﬁlm and put in a short 5 mm
.d. NMR  tube (length 4 cm,  with a Teﬂon spacer at the bottom
o properly position the 12 mm long sample in the middle of the
adiofrequency coil). The individual samples were dried under vac-
um at 50 ◦C directly in their NMR  tubes for 7 days; then, they were
id-closed under N2 gas atmosphere to avoid water vapor adsorp-
ion, and weighed. Subsequently, the samples were equilibrated for
 weeks at 92% RH (saturated KNO3 solution in 2H2O), weighed and
hen measured by 2H NMR.
.13.2. 2H T2 measurements
The experiments were performed at 46.1 MHz  on a Bruker
vance II spectrometer using a high-power (1 kW)  transmitter and
 probe with a 5-mm horizontal solenoid radiofrequency coil that
llowed to set a short (2.3 s) 90◦ pulse length. All measurements
ere conducted at room temperature (20 ◦C). The quadrupole echo
ulse sequence 90◦--90◦--acq was used with the half echo time
 incremented geometrically from 5 s up to 4.7 ms  in 50 steps
n order to observe the full decay of the 2H transverse magnetiza-
ion. Phase cycling based on the Exorcycle scheme was employed
o refocus broadening (and, at the shortest echo time, to suppress
he effect of coil ringing) caused by both static quadrupole splitting
nd, if any, magnetic ﬁeld inhomogeneity (Furó & Halle, 1992; Furó
 Hedin, 2001). The spectra were acquired as 8192 complex points
ith a spectral width set to 1 MHz. 256 transients were added with
 recycle delay of 1 s. The 2H NMR  spectra with a line width of
bout 6 kHz for the water component were ﬁrst baseline corrected
o eliminate contribution from the broad anisotropic signal com-
onent (with a width of ca 200 kHz) that arose from deuterated
ydroxyl groups. Finally, integration over the frequency range of
0 kHz yielded the water spectral intensities as dependent on the
cho time. The equilibrium 2H nuclear magnetization, M0, and the
ean T2 value were obtained from the geometric mean and the
ntegral of the 2H T2 distributions. T2 is the transverse relaxation
ime characterizing the signal decay of 2H in the heavy water 2H2O
dsorbed in the materials investigated.
. Results and discussion
.1. Preparation of CNF/XG nanocomposites
CNF/XG nanocomposites were prepared by two  methods. A col-
oidal CNF suspension was mixed with XG. In the simpler “Mixed”
ethod, the CNF/XG mixture is subjected to ﬁltration and drying
o form “Mixed” CNF/XG nanocomposite In the Core–shell method,
he excess XG still in solution is removed from the CNF/XG mixture
y centrifugation/washing steps.
During preparation, the XG content is varied. Fig. 1 reports the
G content in the ﬁnal CNF/XG nanocomposites as a function of XG
raction in the solid phase. The ﬁnal XG content in CNF/XG increases
ith added XG content. The lower curve for Core–shell CNF/XG rep-
esents the XG fraction tightly associated with CNF. The amountFig. 1. Comparison of the remaining XG content in the “Mixed” and Core–shell CNF/XG
nanocomposites as a function of relative XG concentration in the initial solid phase
(XG + CNF).
of XG sorbed to CNF is considerably higher than for amylopectin
(AP) (Prakobna et al., 2015) or the XG sorption to other celluloses
reported recently (Gu & Catchmark, 2013).
For the “Mixed” CNF/XG, the ﬁnal XG content is higher since some
unbound XG is trapped. The estimated fraction is only 2–5 wt%
in “Mixed” CNF/XG with 32 wt% XG. The molecular structure and
high molar mass of XG promote binding to cellulose (Lima, Loh,
& Buckeridge, 2004; Vincken, Keizer, Beldman, & Voragen, 1995).
The present difference in preparation routes may still inﬂuence the
homogeneity of the XG matrix distribution.
Modeling the Core–shell CNF/XG 31 wt% as consisting of cylin-
drical CNF ﬁbrils with a radius of 3 nm,  and if the “thickness” of a
monolayer of adsorbed XG molecule is 0.5 nm (Fry Stephen, 1989;
Kochumalayil et al., 2013) the estimated XG weight fraction is
roughly in agreement with the data. The increase in ﬁbril diam-
eter by 1 nm upon XG adsorption is indeed consistent with AFM
data in Table 1.
3.2. Colloidal state of Neat CNF and Core–shell CNF/XG nanoﬁbers
There are many reports in the literature where neat cellu-
lose nanopaper or nanocomposites based on CNF in a polymer
matrix have been prepared from aqueous suspensions of nanoﬁbers
(Klemm et al., 2011). The dispersion state of the nanoﬁbers in
the colloid is important in order to achieve favorable physical
properties in the ﬁnal material, since low colloidal stability can
induce nanoﬁber aggregation. Zhou et al. (2009) noted that pure
BC cellulose precipitated in suspension, whereas HEC-coated BC
formed stable colloidal suspension. Arola, Malho, Laaksonen, Lille,
and Linder (2013) pointed out the importance of hemicellulose for
colloidal stability of CNF. It is also interesting to note the strong
effects on ambient mechanical properties of CNF ﬁlms with small
amounts of added polysaccharides (Lucenius, Parikka, & Österberg,
2014). Possibly, colloidal state effects are part of the explana-
tion.
The size distribution (hydrodynamic radius) of the CNF for Neat
CNF and Core–shell CNF/XG 31 wt% based on dynamic light scatter-
ing (DLS) data are reported in Fig. 2.
For Neat CNF nanoﬁbers, there is a bimodal distribution cen-
tered at average dimensions of about 68 and 361 nm. For Core–shell
CNF/XG 31 wt%, there is a unimodal distribution with an average
dimension of 190 nm and higher peak intensity. This suggests that
the size-distribution of Core–shell CNF/XG particles is more uniform
than that of Neat CNF, and the colloidal system appears stable. Pos-
sibly, adsorbed XG contributes to steric stabilization of the CNF
nanoﬁbrils (Hubbe & Rojas, 2008).
96 K. Prakobna et al. / Carbohydrate Polymers 125 (2015) 92–102
Table  1
Number average and weight average diameters (dn and dw) yielded by statistical analysis, and the percentage of nanoﬁbers in low size range fraction (<10 nm). PDI is
polydispersity index dw/dn.
All nanoﬁbers Fraction of 0–10 nm
dn dw PDI dn dw PDI % fraction
Neat CNF 6.6 ± 3.3 8.4 1.3 
Core–shell CNF/XG 31 wt%  7.7 ± 3.7 9.1 1.2 
Fig. 2. Estimated distributions of hydrodynamic size of nanoﬁbers in aqueous sus-
pension for Neat CNF and Core–shell CNF/XG 31 wt%  as obtained from dynamic light
scattering (DLS) measurements.
Table 2
The amount of nanoﬁbers in different ranges of diameters, with focus on the small
diameter fraction (<10 nm).
% Fraction of all nanoﬁbers
2.5–5.5 nm 5.5–8.5 nm 8.5–10.5 nm
3
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The appearance of “Mixed” CNF/XG 32 wt% in Fig. 4c is veryNeat CNF 39.2 35.1 10.8
Core–shell CNF/XG 31 wt%  27.1 38.2 14.7
.3. Nanostructure of Neat CNF and Core–shell CNF/XG nanoﬁbers
The distribution of nanoﬁber diameters of Neat CNF and
ore–shell CNF/XG 31 wt% obtained from AFM height images are
resented in Fig. 3. The derived number average and weight aver-
ge diameters (dn and dw) and the percentage of nanoﬁbers within
arious ranges are reported in Tables 1 and 2.
Neat CNF typically consists of individual nanoﬁbers and larger
bril aggregates. The smallest nanoﬁber in the wood cell wall
“microﬁbrilı´ı´) is expected to have a diameter in the 3–4 nm range.
he distribution of the present CNF diameters is in the range of
Fig. 3. Height distributions of nanoﬁbers based on AFM measu5.7 ± 2.2 6.3 1.1 86.5
6.3 ± 2.2 6.7 1.1 80.0
2–18 nm.  The majority of CNF nanoﬁbers (86.5%) have dimensions
below 10 nm.  For Core–shell CNF/XG 31 wt%, its diameters are in
the range of 3–20 nm,  and the majority of nanoﬁbers below 10 nm
correspond to 80.0% of the population.
In Table 2, it is apparent that the fraction of small nanoﬁbers
in the range 3–5 nm declines from 39.2% to 27.1%, when XG is
adsorbed. Instead, the fractions of CNF in 6–8 nm and 9–10 nm
are increased from 35.1% to 38.2% and 10.8 to 14.7%, respectively.
Moreover, the fraction of CNF with diameters larger than 10 nm is
increased (6.5%) after XG adsorption. The polydispersity index (PDI)
values dw/dn of both Neat CNF and Core–shell CNF/XG in Table 1 are
quite low (1.1–1.3), which reﬂects the narrow distributions.
Depending on the structural conformations of adsorbed XG
molecules (train, loop and tail) (Fleer, Cohen Stuart, Scheutjens,
Cosgrove, & Vincent, 1993), the local coating thickness of CNF would
be altered. With large XG molecules, it is likely that loop and tail
conformations are well represented in the adsorbed XG population
(Vincken et al., 1995). Such segments of adsorbed XG molecules are
believed to play a dominant role in the formation of physical link-
ages between microﬁbrils in the plant cell wall (Fry Stephen, 1989;
Hayashi, 1989). Due to the unique interaction between cellulose
and adsorbed XG molecules, new functionalities for cellulose-based
materials can also be tailored (Zhou, Rutland, Teeri, & Brumer,
2007).
The morphology of dried nanoﬁbrillar network hydrogels, with
and without XG, is presented in Fig. 4. A highly porous network
(porosity ≈82%) is formed by individual CNF in Neat CNF (Fig. 4a).
However, there is a small fraction of CNF aggregates. For Core–shell
CNF/XG 31 wt%, a substantial amount of CNFs with a large increase
in diameter are apparent (Fig. 4b). Those CNFs are CNF/XG com-
posite nanoﬁbers. The porous structures are fairly similar in Neat
CNF and Core–shell CNF/XG,  except for the consequences of larger
average nanoﬁber diameter in CNF/XG. Note that preparation was
different for materials in Fig. 4 (see Fig. 4 text) compared with
materials in Fig. 3.different from Core–shell CNF/XG. The XG matrix is binding small
diameter CNF together and the XG is largely present in what would
otherwise be the pore space between CNFs. This is different from
rements of (a) Neat CNFand (b) Core–shell CNF/XG 31 wt%.
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Fig. 4. SEM images of the nanoﬁbrillar network of (a) Neat CNF, and nanocomposites of (b) Core–shell CNF/XG 31 wt% and (c) “Mixed” CNF/XG 32 wt%. Samples were prepared
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he XG distribution as a CNF coating in Core–shell CNF/XG. There are
G-rich regions in Fig. 4c, probably at scales as large as 10–30 nm.
he average pore size also appears smaller than for Core–shell
NF/XG due to the difference in XG distribution.
.4. Dynamic mechanical properties of CNF/XG nanocomposites
Fig. 5 shows the storage modulus E′ and tan ı as a function
f temperature. Neat CNF shows the highest values for E′ start-
ng at more than 20 GPa at −100 ◦C. CNF/XG nanocomposites also
ave high E′. Thermal softening of XG starts around 250 ◦C as the
lass transition temperature Tg is approached (Kochumalayil et al.,
010). XG has good thermal stability, so Tg is reached without sub-
tantial thermal degradation.
Interestingly, the XG tan ı peak is shifted to higher temperatures
or the CNF/XG nanocomposites. For Core–shell CNF/XG, the peak is
lightly more distinct and at slightly higher temperature than for
Mixed” CNF/XG. If we assume a CNF network at a volume fraction
f 68% (same density for XG and CNF) having cylindrical ﬁbrils with
 diameter of around 6 nm,  the theoretical speciﬁc surface area of
NF will be as high as 300 m2/g. At 31–32 wt% of XG, a major frac-
ion of the XG molecules will be close to the CNF nanoﬁbers. As
G approaches the Tg, where large segments become molten and
hereby mobile, the proximity of the CNF provides some constraints
o XG motions.
For Neat CNF the thermal stability is high, although thermal
egradation is expected to commence at 300 ◦C (Kim, Nishiyama,
ada, Kuga, & Okano, 2001). The nanocomposites of Core–shell andMixed” CNF/XG show only limited softening in E′ around the Tg of
G due to the CNF network. tan ı of XG shows a peak at 274 ◦C, in
greement with a previous study (Kochumalayil et al., 2010). The
G shows signs of degradation after 300 ◦C (data not shown here,
Fig. 5. (a) Storage modulus E′ and (b) tan ı as a function of temperature for Neat
CNF,  Neat XG, Core–shell CNF/XG 31 wt%, and “Mixed” CNF/XG 32 wt%.
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Fig. 6. Tensile stress–strain curves obtained from different testing conditions of (a) wet gels (after ﬁltration but before drying, with dry content 22–24%, see Table S1), (b)
s  dry co
T t% and
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s
Foaked  ﬁlm (30 min) (ﬁlms are ﬁrst dried and then soaked in water for 30 min  with
he  materials are Neat CNF, Neat XG and nanocomposites of Core–shell CNF/XG 31 w
robably due to thermal oxidation). Although XG is a comparably
table hemicellulose, these polymers generally show lower thermal
tability compared with cellulose (Yang, Yan, Chen, Lee, & Zheng,
007).
.5. Mechanical properties in tensile tests at different humiditiesIn Fig. 6, stress–strain curves are presented for Wet  gels (prior
o drying) and Soaked ﬁlms (dried ﬁlms dipped in water). Data are
ummarized in Table S1. The Neat CNF porous nanoﬁber network is
ig. 7. FE-SEM images of fracture surfaces in tensile test specimens tested at 50 RH% of (antent 23–24%, see Table S1). (c) Solid ﬁlms at 50 RH% and (d) solid ﬁlms at 85 RH%.
 “Mixed” CNF/XG 32 wt%.
a reference. The CNF structure holds together primarily by physical
CNF interactions and entanglements (Henriksson et al., 2008).
The Neat CNF wet  gel thus shows fairly low modulus and
strength, and the average strain to failure is around 16% as the CNF
ﬁbrils slip past each other. The wet gel of Core–shell CNF/XG shows
roughly 3 times higher modulus and yield strength than CNF, a
strain to failure as high as 42% and a work of fracture 10 times as
high as for CNF. This is remarkable, since the major load-bearing
component CNF is reduced by 30% as XG is added. XG forms efﬁ-
cient physical cross-links when it is pre-adsorbed to the CNF and
) “Mixed” CNF/XG 32 wt%, (b) Core–shell CNF/XG 31 wt%, and (c) Neat CNF ﬁlms.
rate Polymers 125 (2015) 92–102 99
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Fig. 8. Moisture sorption isotherms in Neat CNF, Neat XG,  Core–shell CNF/XG 31 wt%,
and  “Mixed” CNF/XG 32 wt%. Predictions for CNF/XG 31 wt%  (MCNF/XG) based on a ruleK. Prakobna et al. / Carbohyd
rocessed by ﬁltration. Stress-transfer between CNF ﬁbrils becomes
ore efﬁcient and ﬁnal CNF slippage and material failure is delayed
o higher strains.
In the case of “Mixed” CNF/XG, modulus and strength are reduced
y 50% or more compared with Neat CNF. The distribution of XG is
ore inhomogeneous and physical cross-linking of CNF ﬁbrils is
nefﬁcient. The behavior is then inferior to Neat CNF since the CNF
ontent is reduced.
The effect of XG on mechanical properties of hydrated bacterial
ellulose (BC)/XG networks (≈3–8% solid content) was reported
y Whitney et al. (1999). It was proposed that extensive cross-
inking of cellulose with XG leads to greater extensibility despite
ower modulus of the BC/XG network. This is similar to the Wet
el of “Mixed” CNF/XG. However, Core–shell CNF/XG shows higher
odulus, strength, and strain to failure compared with the CNF
eference, due to the unique structure of the Core–shell CNF/XG
anoﬁbers.
In another experiment, dry CNF/XG ﬁlms were soaked in water
efore tensile testing. Stress–strain curves are reported in Fig. 6b
nd data derived from the curves are reported in Table S1. Core–shell
NF/XG shows a modulus of 33 MPa  (4 times the value for “Mixed”
NF/XG), a tensile strength of 3 MPa  (almost 3 times the value for
Mixed” CNF/XG) and work of fracture of 560 kJ/m3 (almost 4 times
he value for “Mixed” CNF/XG). Again, the explanation is in the favor-
ble XG distribution in Core–shell CNF/XG as adsorbed CNF coating,
o that ﬁbril-ﬁbril bonding is favorable also in wet  condition. A
olecular dynamics modeling study conﬁrms that interfacial bond-
ng is substantial in cellulose/XG also in wet  condition (Zhang,
rumer, Agren, & Tu, 2011).
Dried ﬁlms of Neat CNF, Neat XG, Core–shell CNF/XG and “Mixed”
NF/XG were subjected to tensile tests at 50 RH% and 85 RH%.
tress–strain curves are presented in Fig. 6c and d, and properties
erived from the curves are quantiﬁed in Table S2. There seems to
e no consistent difference in behavior between Core–shell CNF/XG
nd “Mixed” CNF/XG, although the Core–shell CNF/XG structure is
ore favorable at 85% RH (≈15% moisture). Possibly, NMR  results
bout water mobility can explain this.
At 50 RH%, the Neat CNF ﬁlm shows a knee in the curve at yielding
ollowed by strain-hardening at constant slope due to CNF net-
ork reorganization (Henriksson et al., 2008). CNF/XG composites
how lower strain to failure than Neat CNF. Under “dry” conditions,
NF–XG adhesion (Stiernstedt et al., 2006) is likely to be strong and
ay  restrict the CNF–CNF slippage responsible for ductility in CNF
etworks (Henriksson et al., 2008). With microscale ﬁbers, strong
nterfacial adhesion also leads to embrittlement (Kelly, 1970).
At 85% RH, see Fig. 6d, the stress levels are reduced due to the
resence of higher moisture content in the materials (see Fig. 8).
ater reduces modulus and yield strength of Neat CNF nanopa-
er ﬁlms, since the CNF ﬁbril-ﬁbril adhesion and stress transfer are
ecreased. In the CNF/XG composites, the XG matrix is plasticized
o that modulus and yield stress are reduced. In addition, water
oncentration at the CNF/XG interface is likely to be increased (see
ater NMR  section). It is noted that the properties in Fig. 6d are well
reserved, considering the high humidity environment.
.6. Fracture surfaces
The “Mixed” CNF/XG micrograph in Fig. 7a reveals XG-rich
egions, possibly between CNF-rich sheet-like structures. XG-
egions in the image have deformed plastically as CNF-sheets were
eeled apart locally. In Fig. 7b, the Core–shell CNF/XG fracture sur-
ace has a different appearance, with more ﬁbrous features. Many
brils have diameters as large as 20–30 nm.  They are different from
eat CNF ﬁbrils (Fig. 7c) and coated by XG. The large diameters
re in accordance with Fig. 4b. Some XG-coated 6 nm diameter
ore–shell ﬁbrils become aggregated and form larger diameterof  mixtures; MCNF/XG = MCNFWCNF + MXGWXG where M is measured moisture content,
and W is weight fraction for the component. The inset shows data for Neat CNF, Core
shell CNF/XG and “Mixed” CNF/XG in the range 40–90% RH.
CNF/XG composite nanoﬁbers. The fracture surface of CNF in Fig. 7c
shows numerous fractured CNF ﬁbrils of small diameter. A layered
structure is apparent, and the mechanism for layer formation has
been discussed previously (Liu, Walther, Ikkala, Belova, & Berglund,
2011).
3.7. Moisture sorption
Moisture sorption is reported in Fig. 8. XG is an amorphous and
hydrophilic polymer, which adsorbs signiﬁcantly more than CNF,
since the crystalline core of CNF is inaccessible to water. Unexpect-
edly, the moisture adsorption in Core–shell CNF/XG is apparently
very similar to Neat CNF, although there is 31% XG in the nanocom-
posite.
The “Mixed” CNF/XG adsorbs signiﬁcantly more moisture than
Neat CNF and Core–shell CNF/XG. The inset shows this effect more
clearly in the 40–90 RH% range. The difference compared with
Core–shell CNF/XG is due to the more inhomogeneous distribution of
XG. Predicted moisture sorption for CNF/XG based on a rule of mix-
tures approach (see Fig. 8 text) is presented in Fig. 8. Experimental
data for both CNF/XG nanocomposites are below the predictions.
Strong CNF–XG interface interactions and the conformations of
adsorbed XG molecules are causing this effect.
Analysis of curve shapes shows that the curves are of Type II,
with the steep increase observed for Neat XG at high RH being
most probably associated with softening effects typical of amor-
phous polymers (Engelund, Thygesen, Svensson, & Hill, 2013). This
interpretation is supported by the evidence, reported elsewhere
(Terenzi, Prakobna, Berglund, & Furó, 2015), that Neat XG under-
goes appreciable swelling with increasing moisture content, while
Neat CNF ﬁbrils remain rather rigid. Furthermore, our 2H NMR  data
at 92 RH% (see next NMR  section) show no sign of other, frequently
hypothesized, mechanisms such as capillary condensation of water.
3.8. 2H NMR relaxation study of water mobility
2H NMR  relaxation reports about water dynamics in hygro-
scopic materials. The selection of this method and its uniqueness
is explained in more detail in SI. The two main parameters quanti-
ﬁed are deuterium T2 and M0. T2 is the transverse relaxation time
characterizing the signal decay of 2H2O sorbed in the materials. M0
is the equilibrium 2H nuclear magnetization, and is proportional to
the number of 2H atoms present in the sensitive volume of the NMR
100 K. Prakobna et al. / Carbohydrate P
Fig. 9. (a) Ratios of gravimetric heavy water moisture content, MCr, NMR  mag-
netization, M0r, and relaxation time, T2r, at RH = 92% for Neat XG,  “Mixed” CNF/XG
32  wt%, Core–shell CNF/XG 31 wt%, and Neat CNF. MCr = MC/MC(XG) (empty circles)
M0r = M0/M0(XG) (full circles), T2r = T2/T2(XG) (full triangles). The value in parenthesis
below each sample label is the average moisture content from the NMR conditioning
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Nrotocols. (b) 2H NMR  T2 relaxation time as a function of gravimetric heavy water
oisture content MC for all materials. Note that larger values for T2 correlate with
ncreased molecular mobility of 2H2O. For XG, the T2 value is 3.2 ± 0.1 ms.
etection coil. M0 is thus roughly proportional to the gravimetric
oisture content, MC,  of the sample. This is indeed the case of our
pecimens, as discussed more in detail elsewhere (Terenzi et al.,
015). The MC  for the NMR  samples, see text in Fig. 9a was signif-
cantly higher than the DVS-data in Fig. 8, and this is discussed at
he end of this section.
The differences between materials are compared in terms of 3
arameters: gravimetric moisture content MC, 2H nuclear magne-
ization M0 and transverse relaxation time T2. Relative estimates,
n terms of ratios, are calculated with respect to the corresponding
alues for XG: M0r = M0/M0(XG), T2r = T2/T2(XG) and MCr = MC/MC(XG)
see Fig. 9a). XG is the reference since it has the highest MC  and the
ongest T2 value, i.e. the highest water mobility.
In Fig. 9, Core–shell CNF/XG shows different behavior from
Mixed” CNF/XG, although the compositions are virtually identical.
irst the general trends for data in Fig. 9a need to be explained. The
elative values of the moisture content (empty circles), the NMR
agnetization (full circles) and the relaxation time (full triangles)
re all below unity for the CNF-based materials and they decrease
ith decreasing XG fraction.
For “Mixed” CNF/XG,  Core–shell CNF/XG and Neat CNF samples,0r is respectively around 0.75, 0.66 and 0.62, in good agree-
ent with the corresponding MCr values (0.73, 0.67 and 0.58). This
onﬁrms the validity of water content estimates provided by 2H
MR experiments (M0). Furthermore, the same moisture contentolymers 125 (2015) 92–102
variation as in Fig. 8, namely by a factor of MC(XG)/MC(CNF) ∼ 1.7,
is observed between Neat XG and Neat CNF. This indicates good
reproducibility of sample preparation protocols for DVS and NMR
analyzes.
The decrease in 2H T2 values as Neat XG > “Mixed”
CNF/XG > Core–shell CNF/XG > Neat CNF to some extent reﬂects
a reduced water mobility with decreasing moisture content.
However, Fig. 9a shows that T2 decreases more strongly than MC
since water is distributed differently in Neat XG compared with
the 3 nanoﬁbrous CNF-based materials. Water primarily adsorbs
at the surface of CNF nanoﬁbrils (Cunha et al., 2014), whereas it
is distributed over the bulk volume of the amorphous, glassy XG
polymer. T2 data in Fig. 9a provide support for this and show that
the molecular mobility of water in CNF-containing materials slows
down considerably compared to Neat XG.
The hypothesis that “Mixed” CNF/XG and Core–shell CNF/XG
have different nanostructures, is supported by data in Fig. 8.
Firstly, at this high relative humidity, “Mixed” CNF/XG nanocom-
posites adsorb moisture in proportion to their weight content of
neat XG and CNF components (MC  ∼35%). For Core–shell CNF/XG
nanocomposites the MC  value is slightly lower than a rule of mix-
tures estimate and indicates reduced water-accessibility of the XG
polymer when adsorbed to CNF ﬁbrils. Secondly, the relaxation
time ratios are appreciably different for the two  nanocompos-
ites. For “Mixed” CNF/XG ﬁlm T2r ∼ 0.54, whereas T2r ∼ 0.44 for both
Core–shell CNF/XG and Neat CNF samples, where there is no unbound
XG.
To further analyze the interdependence between moisture con-
tent and water mobility, T2 values are plotted as a function of
gravimetric MC  in Fig. 9b in increasing order of XG content. There
is a positive linear correlation between T2 and MC.  The amount of
sorbed water increases with increasing weight fraction of unbound
XG. It is noted that “Mixed” CNF/XG does not show strong “com-
posite” synergy effects. In a two-phase composite without phase
interaction the average relaxation rate, 1/T2, should be the weight
average of the respective relaxation rates in its neat constituents.
For “Mixed” CNF/XG, the 1/T2 value of about 0.59 ms−1 is indeed sim-
ilar to the value (0.58 ms−1) predicted on the basis of the respective
weight averages for Neat XG (0.31 ms−1) and Neat CNF (0.71 ms−1)
phases.
In Core–shell CNF/XG, the molecular mobility of water is mostly
affected by the water interaction mechanisms speciﬁc to the Neat
CNF phase. Effects from “bulk” XG behavior are weak and this is in
support of XG adsorbed to CNF in conformations more constrained
than in bulk phase. Remarkably, Neat CNF falls off the linear trend
for the other samples in Fig. 9b. It has the same T2 but a slightly
lower MC  than the Core–shell CNF/XG nanocomposite. This also
supports the presence of a favorable XG nanoscale distribution in
Core–shell CNF/XG.
To summarize, we found that (i) the Core–shell CNF/XG nanocom-
posite sorbs less water than predicted by the weight average of
its neat constituents and that (ii) water molecules have the same
mobility in Neat CNF as in the Core–shell CNF/XG nanocomposite.
This indicates a reduction in water-accessibility of XG molecules
when tightly bound (adsorbed) to Neat CNF.
The reason for the discrepancy between MC  data in Fig. 8 (DVS)
and Fig. 9 (NMR samples of 14–20 mg  size) is not completely clear.
The Neat XG samples for NMR  shows the highest MC,  of about
48 ± 1%. The other MC  are 35 ± 2% for “Mixed” CNF/XG, 32 ± 1%
for Core–shell CNF/XG and 28 ± 1% for Neat CNF. This is 1.6- to
2-fold higher than those obtained by DVS experiments with H2O
(see Fig. 8). The discrepancy is highest above 60% RH, but cannot
be explained by the mass difference between heavy and regular
water, which predicts a variation by only 1.1 between 2H2O and
H2O sorption data. Most probably, this is a consequence of a longer
initial drying procedure and of minimal exposure to moisture from
rate P
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ir when opening the vacuum chamber after drying. One may  note
hat the MC  increase with RH is very steep at high RH, so that small
ifferences in RH have large effects on MC.
. Conclusions
Core–shell nanoﬁbers inspired by cell wall biosynthesis have
een prepared from wood CNF with a physically adsorbed XG-
oating. The average ﬁbril diameter increases by roughly 1 nm and
eaches 7.7 nm,  corresponding to a monolayer of XG. CNF biocom-
osites with continuous XG matrix were prepared by a straightfor-
ard papermaking approach. The location of the polymer matrix as
 nanoﬁber shell results in a more homogeneous XG distribution,
s is supported by FE-SEM microscopy data. Furthermore, the rel-
tive size of particles in the colloidal suspension was  signiﬁcantly
ecreased for Core–shell CNF/XG. The XG coating appears to be posi-
ive for colloidal stability and CNF dispersion in the ﬁnal composite.
Nanostructural and molecular scale effects on CNF/XG prop-
rties were assessed on specimens prepared by two different
ethods. Data support the hypothesis that the different prepara-
ion methods lead to different XG distribution in the two materials.
ore–shell CNF/XG possesses exceptionally controlled matrix distri-
ution at nanoscale as adsorbed XG matrix is exclusively coated
n CNF surfaces without interference from unbound XG. Many
ore–shell ﬁbrils were assembled into larger bundles of about
0–30 nm diameter. The XG distribution in “Mixed” CNF/XG was
ore inhomogeneous with matrix-rich regions.
The properties of wet Core–shell CNF/XG were much superior to
Mixed” CNF/XG. The adsorbed XG provides efﬁcient physical cross-
inking and stress transfer between individual CNF, resulting in a
NF/XG wet gel with remarkably high modulus, strength, strain to
ailure, and toughness. In contrast to a previous work on bacterial
ellulose, the wet gel of Core–shell CNF/XG showed better modu-
us than Neat CNF, showing reinforcement effects from XG linking
f CNF. The tests performed are suggested as methods to assess
atrix distribution effects, and possibly interfacial effects, in CNF
omposites with biological polymers.
Core–shell CNF/XG adsorbed slightly less moisture than “Mixed”
NF/XG, probably due to stronger interaction with CNF. Tg markedly
ncreased for both materials compared with Neat XG,  due to con-
traints on XG molecular mobility. This together with XG sorption
ata to CNF suggests, due to strong afﬁnity, that also “Mixed” CNF/XG
ontains a substantial fraction of XG adsorbed to CNF.
The different nanostructures in “Mixed” CNF/XG and Core–shell
NF/XG are also supported by 2H NMR  relaxometry. The purpose
as to assess the molecular mobility of heavy water adsorbed in
he different materials. The T2 deuterium relaxation time of 2H2O
s signiﬁcantly short for Core–shell CNF/XG, and very similar to Neat
NF. The slow water dynamics in both Neat CNF and Core–shell
NF/XG suggests that water is mostly distributed close to the sur-
ace of nanoﬁbers. This is in contrast to the amorphous XG polymer,
here water is distributed throughout its volume. The nanocom-
osites data show that effects from water behavior in “bulk” XG are
eak in Core–shell CNF/XG.  This provides additional support for XG
eing adsorbed to CNF in conformations more constrained than in
he XG bulk phase, and that these molecules dominate composite
ehavior.
The results from our study suggest that Core–shell wood cellu-
ose nanoﬁbers are a practical and attractive concept. It becomes
ossible to exercise better control of polymer matrix distribution
nd interface structure in nanocomposites where colloidal suspen-
ions are used during preparation. Compared with previous data for
NF/hemicellulose biocomposites with random-in-the-plane CNF
rientation at ambient conditions, the present materials have the
est tensile properties.olymers 125 (2015) 92–102 101
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